The response of the marine diatom Phaeodactylum
The underlying goal in a variety of phytoplankton growth models is to provide a general and internally consistent "mechanistic" description of phytoplankton growth, photosynthesis, and respiration (Bannister 1979; Shuter 1979; Kiefer and Mitchell 1983; Laws et al. 1983 Laws et al. , 1985 Sakshaug et al. 1989) . Although varying in form, all the models are based on an energy balance for phytoplankton growth that equates the gross photosynthesis rate to the sum of growth and respiration (Geider et al. 1986 ), assuming other terms such as excretion of dis-solved organic material are minimal. The energy balance can be written simply as p + .R = P," 8 tanh( -aBZ/PmB) (1) where p is the growth rate (d-l), R the respiration rate (d-l), 8 the Chl a : C ratio, P,"
the Chl a-specific, light-saturated photosynthesis rate, (xtl the Chl a-specific initial slope of the PI curve, and Z the irradiance. It is sometimes informative to simplify Eq. 1 and consider cases of light limitation (Eq. 2) or saturation (Eq. 3) of photosynthesis and growth: p + R = 9aBZ
(2) pi-R=8P,".
14pplications of Eq. 1 most often consider phytoplankton growth in response to limitation by light, temperature, or nutrient (particularly N03-) availability.
Recent experimental evidence, however, suggests that Fe may limit phytoplankton production in 1772 the open ocean. Martin and coworkers (Martin and Fitzwater 1988; Martin et al. 1990) showed that Fe addition to natural phytoplankton samples stimulated Chl a synthesis and N03-utilization compared to control samples with no added Fe. Because of the inherent problems associated with long-term, nutrient-addition bottle experiments, the evidence for Fe limitation is still controversial (Banse 1990 ). Here we examine the fundamental parameters of the phytoplankton growth model (Eq. 1) as they relate to the question of Fe limitation of phytoplankton growth. We are also concerned with developing a means of identifying and interpreting internal physiological processes or "diagnostic" signals which reflect an external, environmentally imposed limitation (i.e. Fe). An environmental constraint or limitation which displaces a phytoplankton species or community away from its maximum specific growth rate is, in effect, a physiological stress. The stress may trigger biophysical, biochemical, and(or) molecular processes unique to the limiting factor. Diagnostic markers or signals should allow one to interrogate, without experimentally manipulating, natural phytoplankton communities. We consider this approach attractive, particularly in the case of Fe limitation, because it circumvents the need for long-term bottle incubations supplemented with various suspected limiting factors.
Materials and methods
The diatom Phaeodactylum tricornutum was grown in &liter unialgal batch cultures in artificial seawater medium (ASW, Goldman and McCarthy 1978) enriched with f/2 nutrients and trace metals (Guillard and Ryther lg62), except for Fe which was added separately. The cultures were grown in continuous light (250 pmol quanta m-2 s-l) at 18°C with constant aeration and mixing. Fe-replete cultures were supplemented with 1 PM Fe and 1 PM EDTA. Media were sterilized by autoclaving. Fe-replete, exponential-phase cells were kept optically thin for several days by daily transfer into fresh media. The growth rate in Fe-replete cultures was 1.5 d-l. Fe-replete cultures were harvested when the cell density reached -lo6 ml-l, which corresponded to -10% of the maximum yield under Fe-replete conditions.
Eight-liter polycarbonate bottles containing ASW media with no added Fe were inoculated from an exponential phase culture to obtain Fe-deficient cells. Trace amounts of Fe, sufficient to support a yield of -lo6 cells ml-', were introduced through impurities in the salts used to prepare our artificial media and during autoclaving. Growth continued in the Fe-limited cultures at a rate of -0.2 d-l prior to harvesting for physiological and biochemical investigations. Addition of 1 PM Fe-EDTA to these cultures induced rapid chlorophyll synthesis and cell division indicating that growth was Fe limited. Physiological and biochemical measurements (described below) were conducted over three successive days on Fereplete and on Fe-limited cultures. Cell densities were determined with a hemacytometer.
The minimum cell Fe quota under Felimited conditions was determined by measuring cell yield as a function of total added Fe. An Fe-EDTA solution was added to aliquots of a stationary phase culture containing -6 x lo5 cells ml-l to obtain enrichments ranging from 5 to 40 nM added Fe. In vivo fluorescence, measured with a Turner Designs lo-005 fluorometer, and cell yield were determined when the cultures reached stationary phase. All plasticware was thoroughly acid washed and then sterilized in a microwave oven by bringing distilled water to boiling (for 10 min). In this experiment, the culture media was filter sterilized (0.2-pm pore size). We calculated a background Fe concentration in the culture media of 6 nM by extrapolation of the linear regression of cell yield vs. added Fe to the x-axis (i.e. zero cell yield).
Chl a and c and carotenoids were measured spectrophotometrically as described by Dubinsky et al. (1986) . Cells were filtered on Whatman GF/C glass-fiber filters and homogenized in a glass tissue grinder in 90% acetone. The homogenate was clarified by centrifugation and pigment concentrations were calculated with the equations of Jeffrey and Humphrey (1975) . Total carotenoid concentration was calculated using an ex-tinction coefficient of 2,500 mM-l at 480 nm (Davies 1976) .
The in vivo spectral absorption cross section (a*,, X = 375-750 nm) was determined on cell suspensions in the scattering sample accessory of an Aminco DW 2C spectrophotometer with ASW media in the reference cuvette. The spectrally averaged in vivo absorption cross section normalized to Chl a (a*), was calculated from convolution of LE*, with the emission spectrum for the lamp used in our photosynthesis measurements (Dubinsky et al. 1986 ). Photosynthesis-irradiance relationships were measured with a YSI 533 1 Clark-type O2 electrode in a thermostatted PVC chamber with a flat-glass surface as described by Dubinsky et al. (1987) . A collimated light beam from a quartz-halogen source was filtered through a heat filter and attenuated with neutral density filters. Irradiance at the rear of the sample chamber was measured with a Lambda LiCor 185 cosine quantum sensor, and the mean irradiance was corrected for attenuation by the cell suspension. Before measurements, the cell suspension was gently bubbled with N2 to reach 70-80% 0, saturation. Dark respiration rates were measured initially, and the photosynthetic parameters P," and Zk were calculated from nonlinear least-squares fit to the hyperbolic tangent equation PB = Pm" tanh(Z/ZJ. The initial slope (a") was calculated as P,,,B/Z,, and the quantum requirement of photosynthesis (I/&,) was calculated as a*laB.
Oxygen flash yields (PSIJ-0,) were measured with a Rank Brothers O2 electrode at flash frequencies ranging from 5 to 50 s-l as described by Falkowski et al. (198 1) and Dubinsky et al. (1986) . Chl a : PToO ratios were determined from light-induced absorption differences at 697 nm relative to 720 nm in 0.05% Triton X-100 cell extracts (Falkowski et al. 198 1) . Chl a : cytochrome 66/f ratios were determined from hydroquinone-reduced minus ferricyanide-oxidized difference spectra (Bendall et al. 197 1) . The cellular concentrations of PToO and cytochrome be/f were calculated from cellular Chl a content and Chl a : P,,,O and Chl a : cyt b6/f ratios, respectively. Total cellular C and N were measured on cells collected on precombusted GF/C glass-fiber filters with a Perkin Elmer 240B elemental analyzer.
Changes in fluorescence yield (A$) were determined with the pump-and-probe fluorescence technique (Falkowski et al. 1986; Kolber et al. 1990 ). Cell suspensions were dark adapted for 30 min before fluorescence meiasurements. The fluorescence yield of a weak probe flash was measured before (F,) and after (Fs) a saturating pump flash. The change in the maximum fluorescence yield (A&J was calculated as (F, -FJIF,. Flash intensity saturation curves for A$ were generated by changing the intensity of the pump flash from very weak to very intense flash energy. The absorption cross section of photosystem 2 (a,,,) was calculated from flash intensity saturation curves by nonlinear regression to a cumulative one-hit Poisson distribution,
where I is the flash intensity.
Samples for protein analysis were concentrated by centrifugation and washed in 0.01 M Tris, 0.0 1 M EDTA, and 0.4 M NaCl (pH 8). After centrifugation, the samples were resuspended in a solution containing 8% sodium dodecyl sulfate (SDS), 0.2 M CC&, and 200 PM phenylmethyl sulfonyl fluoride (PMSF) and subjected to three 30-s cycles of sonication on ice with a Kontes microprobe sonicator at maximum energy output. The samples were centrifuged for 5 min at 14,000 rpm in an Eppendorf microcentrifuge and the pellet containing cell debris was discarded. Total protein content was determined with the Pierce BCA protein assay on subsamples taken from the supernatant. The extract was diluted with an equal volume of 0.2 M dithiothreitol and two volumes of 4% SDS, 15% glycerol, and 0.05% Bromthymol Blue. At this point, the salmples were stored at. -80°C until further analysis.
Protein samples were thawed on ice, heated in a boiling water bath for 2 min, and centrifuged for 5 min at 14,000 rpm in an Eppendorf microcentrifuge.
Proteins were loaded onto 15% SDS-polyacrylamide slab gels with a 7% stacking gel and separated elcctrophoretically at 125 V by means of Chl u, pg cell-' Chl c/a, mol mol-* Carotenoid : Chl a, mol mol-' PSU-02, Chl a: 0, (mol mol-I) Chl a: RC2, mol mol-' Chl a : PToO, mol mol-' Chl a : b6/f, mol mold1 RC2 cell-', mol x 10-l" RCl cell-l, mol x lo-l9 Cyt b,/'cell-I, mol x lo-l9 RC2 : b,/f: RC 1 Chl a : C, mg g-l Chl u : N, mg g-l Laemmli's (1970) buffer system. Samples were loaded on an equal protein basis (25 pg of protein per lane). Gels were stained with Coomassie Blue or electrophoretically transferred to nitrocellulose (Towbin et al. 1979) . The proteins on nitrocellulose were probed, using the Western blot procedure (Bennett et al. 1984) , with polyclonal antibodies raised against the light-harvesting chlorophyll (LHC) protein of the haptophyte Zsocrysis glabana, the photosystem 2 reaction center protein (Dl) of the chlorophyte Amaranthus hybridus, and the large (LSU) and small (SSU) subunits of ribulose bisphosphate carboxylase (Rubisco) of I.
glabana.
Results and discussion Fe limitation and phytoplankton growth energetics-The C-specific rate of gross photosynthesis (Eq. 1) is determined by irradiance, the Chl a : C ratio (e), PmB, and &.
Because many Fe-containing proteins are involved in mediating photosynthetic electron transport and Chl biosynthesis (Raven 1988 (Raven , 1990 ), Fe deficiency is expected to directly affect the terms on the left-hand side of Eq. 1. In fact, we measured a 3-fold decrease in the Chl a : C ratio (Table l) , a 2-fold reduction in PmB, and 1.3-fold increase in cy" ( Table 2 , Fig. 1 ) between Fe-replete cells growing at 1.5 d-l and Fe-deficient cells growing at 0.2 d-l. Because Zk (=PmElaB) decreased from 4 12 to 133 pmol quanta mm2 s-l (Table 2) between Fe-replete and Fedeficient cells, the growth irradiance in the culture vessels (250 pmol quanta m-2 s-l) was within the light-saturated portion of the PI curve of Fe-deficient cells, but within the light-limited region of the PI curve of Fe- Table 2 . Photosynthesis and fluorescence yield parameters of Fe-replete and Fe-deficient cultures of Phaeodactylurn tricornutum. The values represent the mean and relative standard deviation (RSD) of 3-4 replicate samples. replete cells. Thus, the growth energy balance (Eq. 1) is dominated by 0 and P,,," in our Fe-deficient cells and by 0 and CY~ in our Fe-replete cultures.
We calculated C-specific gross photosynthetic rates of 3.80 mol0, (ma1 C)-l d-l in Fe-replete cultures and 0.54 in Fe-deficient cultures which were, in both cases, about twice the net growth rate (given a photosynthetic quotient, PQ, of 1.3, calculated from C : N ratios, Falkowski et al. 1985) . In Fe-replete cells there was an excess of photosynthesis over the maximum energy demands for cell growth because, at the growth irradiance, growth rates were light saturated but photosynthesis was not. The gross photosynthetic rate (PB) of Fe-replete cells at the growth irradiance was 2.3 mol O2 (mol C)--l d-l, -60% of P," and 18% greater than the growth rate (given PQ = 1.3). The difference between p and P," can be attributed to respiration, which accounted for -14% of P," in Fe-replete cells.
Gross photosynthesis is assumed to be partitioned between growth and respiration in Eq. 2. Despite a decline in C-specific respiration rates from 0.57 to 0.26 mol O2 (mol C)-l d-l between Fe-replete and Fe-deficient conditions, respiration accounted for a gre,ater proportion of gross photosynthesis under Fe-deficient conditions (-50%). We cannot ascertain whether the decline in respiration was due to an impact of Fe availability on the size or integrity of the mitochondrial electron transport chain or to a decline in substrate availability associated with the reduction in gross photosynthesis. The measured respiration rate in Fe-deficient cells was well above the 0.02 d-l minimum maintenance metabolic rate estimated for light-limited P. tricornutum (Geider and Osborne 1989) . Maintenance metabolism in cells grown in saturating irradiance may exceed that calculated for the limit as irradiance approaches zero because of the potential additional demand for repair from light-induced damage. Our respiration rates (measured after a 30-min dark period), and by implication calculated gross photosynthesis rates, may be underestimates if respiration is stimulated in the light (Weger et al. 1989 ).
Fe limitation and variations in PmB and
@--Fe limitation reduced P," by a factor of two and slightly increased (x~ (Fig. 1 , Table 2). Despite large efforts devoted to measuring PI parameters in marine waters, the environmental determinants of P," and (x~ have proven difficult to identify. We now investigate, within the context of current models of photosynthesis, the fundamental biophysical mechanisms for Fe-induced changes in P," and aB.
I'," is determined by the concentration of photosynthetic units (n) and the minimal turnover time (T) required for an electron to pass from water to CO, (Herron and Mauzerall 19 72):
en" = n/r (5) where n is the ratio of O2 to Chl a (l/PSU-0,) determined experimentally from measurements of O2 flash yield. In Fe-deficient cells, the reduction in P, per cell resulted from a large decrease in the number of PS2 reaction centers (RC2, Table 1 ). The decrease in Pm", as well as the decrease in P, calculated per RC2, in Fe-deficient cells can be explained by the increase in T ( (Glover 1977; Sandmann 1985) .
The initial slope of the photosynthesis vs. irradiance curve (cuB) is determined as aB = a%& (6) where a* is the in vivo absorption cross section normalized to Chl a, and 4, the quantum yield of photosynthesis (0, quanta-l). Fe deficiency in P. tricornutum, as well as N deficiency in other microalgae Chalup and Laws 1990) , increases a* but reduces 4, (Fig. 2 , Table 2 ). Although cyB is slightly higher in Fe-deficient cells, it is clear that the product a* $, is less sensitive to Fe limitation than are the individual parameters alone. The increase in a* is attributable to an overall decrease in light-harvesting pigment content, which reduces the "package" effect (Berner et al. 1989 ). The minimum quantum requirement of photosynthesis ( l/&J, calculated from Eq. 6, increased from 18 quanta 02-1 in Fe-replete to 29 quanta 0,-l in Fe-deficient cells ( Table 2 ). The Fe-induced changes in l/4, suggest that one or more processes involved in light absorption and excitation energy transfer are affected by Fe deficiency. photosynthesis (Mauzerall 1972; Falkowski and Kiefer 1985) but also as a means of estimating phytoplankton biomass in the field (Lorenzen 1966; Falkowski and Kiefer 1985) . We examined the effect of Fe limitation on the changes in the quantum yields of fluorescence with the pump-and-probe fluorescence technique (Falkowski et al. 1986 . The theoretical basis for the pump-and-probe technique has been reviewed elsewhere (Falkowski and Kiefer 1985) .
Maximum fluorescence yields were approximately 3 times lower in Fe-deficient than in Fe-replete cultures (Fig. 3A , Table  2 ). The reduction in A&,, is consistent with the reduction in &,., and P,". When normalized to the maximum yield, the resulting curves saturated at lower flash intensities in Fe-deficient cells than in Fe-replete cells (Fig.  3B ). The absorption cross section of PS2 (a,,,) calculated from Eq. 4, was more than 2 times higher in Fe-deficient than in Fereplete cells ( Table 2 ). The increase in cps2 in Fe-deficient cells, like the increase in a*, can be attributed to a reduction in the package effect and an increase in accessory pigments relative to Chl a (Table 1) . Because Chl c and fucoxanthin are associated solelv with the light-harvesting complex of PS2 (Owens 1986) , the change in pigment ratios indicates an increase in light-harvesting capability in Fe-deficient cells.
Similar to our results for Fe-limited cells, N limitation, but not light limitation, reduces A&,, and increases ups2 in various phytoplankton species (Kolber et al. 1988 ). A4 in our Fe-replete, as well as N-replete, cells (Kolber et al. 1988) , increases faster than the calculated fit to the Poisson distribution (Fig. 3B) . The cause for this deviation may be due to the transfer of excitation energy from closed to open reaction centers (Paillotin 1976) .
The minimum quantum requirement of photosynthesis (l/4,) can be expressed as 14JIn = ~PSU&PS2 (7) where cpsu-02 is the effective optical cross section per molecule of O2 produced [A2 (molecule 0,))'1, and ups2 is the absolute absorption cross section of PS2 (A2 quanta-l) calculated from flash intensity saturation curves of fluorescence yield (Ley and Mauzerall 1982; Dubinsky et al. 1986 ). ~psu-02 is calculated as = PSU-02a*bXE u-9 where PSU-O, is the 0, flash yield [mol Chl(mo1 0,)) '1, a*bx the in vivo absorption cross section, normalized to Chl a, within the optical region of the blue-xenon flash lamp of the pump-and-probe fluorometer (Table 2) , and E a dimensional conversion factor. From Eq. Y and 8, we calculated that l/+, increased from 18 quanta 0,-l in Fereplete cells to 30 in Fe-deficient cells. These values are identical to those calculated from PZ parameters (Eq. 6, Table 2 ) and provide a completely independent measure of the minimum quantum requirement of photosynthesis.
Fe limitation and cellular proteins-The response of P. tricornutum to Fe limitation involves major changes in physiological and bio-optical parameters. Using immunoassays on proteins separated by SDS-PAGE (Fig. 4A) , we examined the effect of Fe limitation on the relative abundance of specific cellular proteins involved in photosynthesis.
When examined on an equal protein basis, Fe deficiency caused a pronounced reduction in the relative abundance of D 1, the PS2 reaction center protein (Fig. 4B) . The loss of Dl is consistent with the reduction in functional RC2 content (Table  1) . Fe deficiency seems to affect other PS2 proteins as well. Our preliminary results suggest a reduction in the relative abundance of CP43 and CP47, two proteins which mediate excitation energy transfer from the antenna to the reaction center (Bassi et al. 1987) . However, Fe deficiency had little affect on the relative abundance of the nuclear-encoded LHC proteins (Fig.  4B) . A decrease in the abundance of Dl relative to 'LHCP would imply an increase in the fraction of nonfunctional reaction centers (i.e. PS2 complexes lacking 01). It appears that the apoproteins of the LHC, which are encoded in the nuclear genome, may be synthesized under low Fe conditions even though light-harvesting pigment synthesis is greatly reduced. This may indicate that some LHCPs are not coupled to reaction centers. The loss of critical PS2 proteins in our Fe-deficient cells, as well as in N-limited cultures , reduces excitation energy transfer and results in a marked decrease in A$,, (Kolber et al. 1988) .
Similar to the LHC proteins, Fe deficiency h.ad no effect on the chlorop'last-encoded large and small subunits of Rubisco (Fig.  4B ). This deficiency contrasts N limitation, in which chloroplast-encoded proteins are reduced preferentially over those synthesized by the nuclear genome (Kolber et al. 1988; . Thus, the ratios of Dl to LHCPs and of Dl to Rubisco LSIJs are useful for differentiating between N and Fe limitation.
In addition, two proteins of unknown function, one at 24.4 kDa which cross-reacts with the LHCP antibody ( Fig. 4B ) and one at 25 kDa, appear in greater relative abundance in Fe-deficient cells tha:n in Fe-replete cells (Fig. 4A) ; both are potentially useful diagnostic markers of Fe limitation.
Fe limitation and elemental composition:
Implications for use of C: N:P ratios as to indicate relative growth rate-The cellular content of C, N, and P were lower in Fedeficient than in Fe-replete cells (Table 3 C assimilation, Fe deficiency also decreased both N and P assimilation. The C : N : P ratio, however, remained close to the Redfield proportions in both Fe-deficient and Fe-replete cells (Table 3) .
The minimum cell Fe quota, determined from the slope of a linear regression of cell yield vs. added Fe (Fig. 5) , ranged from 0.005 to 0.01 fmol Fe cell-'. Given a cell C quota of 0.78 pm01 cell-' (Table 3) , we calculate a maximum C : Fe ratio for Fe-deficient cells of 78,000: 1, which may overestimate the C: Fe ratio if the added Fe was not completely incorporated. However, our C : Fe ratios agree with those of Anderson and Morel (1982) , who reported a 100,000: 1 C : Fe ratio in Fe-deficient cells compared to 10,000: 1 in Fe-replete cells. Given Fe requirements of the various electron transport components ranging from 12 Fe : PS 1 to 6 Fe: PS2 and 5 Fe :cyt be/J: our measurements indicate that 40% of intracellular Fe in Fe-deficient cells can be accounted for by the PSI, PS2, and cyt b,/f complexes, with the cyt b,/fcomplex alone accounting for 30% of cellular Fe.
Our results demonstrate that the C : N ratio remains low in Fe-limited cells growing at <20X of their maximum growth rate, which is consistent with independent observations (Glover 1977; Rueter and Ades 1987) showing that the fraction of '%Z in- corporated into TCA-insoluble products (i.e. the protein fraction) remains high in Felimited cells at low growth rates and implies that the C : N ratio does not provide an unambiguous measure of relative growth rate under Fe-deficient conditions. These results have important implications for the use of elemental composition (Goldman 1980) and biochemical fractionation of photosynthetically fixed 14C (DiTullio and Laws 198 6) as indices of relative growth rate in oligotrophic ocean regions. Goldman (1980) , on the basis of the observed Redfield ratio of particulate matter, and Laws et al. (1987 Laws et al. ( , 1989 , on the basis of the relative incorporation of 14C into protein, have suggested that open-ocean phytoplankton are often growing at near maximal rates (> 0.7 p/pm). However, recent evidence based on measurements of A&, with a pump-and-probe fluorometer indicates that phytoplankton are growing at <0.2 p/p, in some oligotrophic ocean regions (Falkowski et al. 199 1) . Although spatial and temporal variability may account for the contradictory conclusions, our evidence for Redfield ratio elemental composition, and low A&,t, suggests that phytoplankton growth may be limited by Fe availability more o,ften than is currently suspected.
Conclusion
Oceanographers have long contended that Fe, or some other trace metal elements, may be 'biolimiting for marine primary productivity in the open ocean (Hart 1934; Menzel and Ryther 196 1) . Our results have implications for understanding the impact of Fe deficiency on phytoplankton physiology and provide potential diagnostic tools for elucid,ating Fe limitation in the ocean.
Fe-replete and Fe-deficient cells exhibit large variations in optical, photosynthetic, and biochemical characteristics, all of which affect the energy balance in phytoplankton growth models. The reduction in cell-specific photosynthesis in Fe-deficient cells can be *attributed to a reduction both in cell Chl a content and in Chl a-specific light-saturated photosynthesis. In addition, fluorescence per unit Chl is higher in Fe-deficient than in Fe-replete cells (Sakshaug and HolmHansen 1977; Rueter and Ades 1987) . Fe deficiency induces chlorosis, which increases both the in vivo absorption cross section (a*) and the absorption cross section of PS2 (up&. Thus, Fe-limited cells become light saturated at lower irradiances than Fe-replete cells. Evidence for Redfield ratio elemental composition in our Fe-deficient cells suggests that, although the metabolic demands for growth are reduced, Fe-deficient cells are a'ble to meet their nutrient requirements and maintain low C : N ratios. Thus, "Fe-deficient cultures otherwise give the impression that their chemical composition and appearance is close to that of healthy, exponential cells, except for being chlorotic"' (Sakshaug and Holm-Hansen 1977, p. 27). ' We have identified some unique biophysical and molecular markers in Fe-deficient P. tricornutum which, if ubiquitous, may provide evidence for physiological limitation in natural phytoplankton communities by Fe availability.
Let us consider the nutrient-rich areas of the open ocean, where macronutrient (N and P) concentrations exceed requirements for phytoplankton growth (Martin et al. 1990 ). If phytoplankton photosynthesis were limited by Fe availability in these regions, one might expect to measure low cellular Chl a, low A&l, and low C : N and Chl a : C ratios. Questions of light limitation, particularly in the Southern Ocean, can be evaluated in a similar manner because A4sat is independent of growth irradiance (Kolber et al. 1988 ) and cellular Chl a is inversely related to growth irradiance. On a molecular level, Fe limitation reduces the relative abundance of Dl, but has little or no effect on LHC proteins and Rubisco subunits. Although the latter two characteristics are unique to Fe-deficient cells, the former also occurs in NO,--deficient cells (Kolber et al. 1988) . We suggest that evaluating the biophysical and molecular signals in phytoplankton populations may provide a better understanding of the factors that limit primary productivity in the ocean.
